Introduction
An imprinting method is a very powerful means to fabricate a polymer microchannel chip, and shows advantageous for duplicating a number of microchips by a single template. 1 Among various polymers as a chip material, a commercially available polystyrol substrate is fascinating, since it is very cheap (∼10 Japanese yen/chip), transparent in the visible region, and easily processed without any special facilities or equipment. In practice, we reported that fabricated polystyrol microchannel chips could be applied to automated liquid/liquid extraction and a photoreaction. [2] [3] [4] It is worth noting, furthermore, that a metal (Au, Pt, Ag, and so forth) thin film can be vacuum deposited directly onto a polystyrol substrate, so that the channel chip is easily integrated with microelectrodes 5 and/or microheaters. 6 Therefore, polystyrol microchips can be used for a variety of studies. [2] [3] [4] [5] [6] In the present study, we focused our attention on shape effects on solution-flow characteristics in a microchannel chip, and fabricated flatand non-flat-side-walled polystyrol microchannel chips by an imprinting method. Recently, Whitesides and his co-workers reported the fabrication of a zigzag-structured microchannel chip, and demonstrated that the structure of the channel side-wall reflected the liquid/liquid interfacial structure. 7 In practice, they prepared a zigzagstructured metal thin film at the water/water interface in the microchannel. Mengeaud et al. also recently reported zigzagside-walled microchannel chips, and demonstrated that the structures of the side-wall governed the solution flow profile in the channel. 8 The shape of a channel-side wall is thus concluded to be one of the most important factors governing the solution flow profile in the microchannel. Besides the shape effects on the solution flow characteristics, we anticipate that the shape of a microchannel might influence the efficiencies of solution mixing, the chemical reaction, and liquid/liquid extraction.
Therefore, we fabricated symmetrical and unsymmetrical zigzag-side-walled polymer microchannel chips, and studied side-wall structure effects on both the solution-flow characteristics and the liquid/liquid extraction efficienciy of an aluminium chelate complex.
Experimental

Fabrication of zigzag-side-walled microchannel chips
The procedures of an imprinting method for fabricating a polymer microchannel chip are illustrated in Fig. 1 . Briefly, a photoresist (Tokyo Ohka Co., Ltd., OFPR 800: positive type) was spin-coated on a glass plate (2.5 × 7.8 cm) and exposed by a W-lamp through a photomask, whose structures were drawn on a transparency film by a computer software package and a 2400 dpi printer. After the resist layer was developed (Tokyo Ohka Co., Ltd., NMD-3) and rinsed with water, the exposed glass surface was etched with an aqueous HF solution. The glass substrate as a template for imprinting and a polystyrol substrate (Tamiya Co., Ltd., 1.5 × 3.0 cm) were fastened tightly between two glass plates and heated at 108˚C for 25 min to transfer the embossed structure of the template to the polymer. The polymer plate was used as a channel substrate. A flat polystyrol substrate was then bonded with the channel substrate (108˚C, 18 min) to obtain a microchip. In this study, we fabricated two-types of a polymer chip, whose dimensions are shown in Fig. 2 . It is worth noting that, the side-walls of the channels in the entrance and exit regions of the chip were A polymer microchannel chip with a symmetrical or unsymmetrical zigzag-side-walled structure was fabricated by an imprinting method, and applied to study shape effects on solution flow characteristics as well as on the liquid/liquid extraction efficiency of an aluminium(III) chelate complex (Al-DHAB: DHAB = o,o′-dihydroxyazobenzene) in a microchannel chip. In an unsymmetrical zigzag-side-walled channel chip (us-channel), an oil/water interface was sinusoidal, while that in a symmetrical zigzag-side-walled channel chip (s-channel) was flat as long as the observation was made under an optical microscope. It was demonstrated that the efficiency of the water-to-oil (1-butanol) extraction of Al-DHAB in the microchannel was governed by the contact time between the two phases. As the most important results, furthermore, the extraction efficiency was higher in the us-channel, as compared with that in the s-channel, owing to the sinusoidal liquid/liquid interfacial structure and, therefore, to the high interfacial area between the two phases. fabricated as flat, while that in the middle part (i.e., from entrance to exit junction) was designed as either a symmetrical or unsymmetrical-zigzag structure, abbreviated as an s-and uschannel, respectively. The whole structure of the microchannel was designed as a double-Y style and, the total length of the zigzag-side-walled channel was set at 6 cm. The depth of the microchannel was set at 10 µm.
Liquid/liquid extraction and fluorescence microscopy
The fabricated channel chip was connected to a programmable syringe pump (Harvard Model 44) equipped with two syringes via fused-silica capillary tubes. For the tubing, small holes were drilled on both the entrance and the exit positions of the cover substrate of the chip, and the tube was fixed with an epoxy resin. The polymer chip was set on the stage of an optical microscope (Nikon Optiphoto 2) and water-to-oil liquid/liquid extraction processes along the solution flow direction in the microchannel were monitored spectroscopically, as reported previously. 2 Photographs of the solution flow characteristics in the microchannel were taken by a CCD camera equipped with a microscope. 1-Butanol (BuOH) and an Al-DHAB complex (aluminium(III) o,o′-dihydroxyazobenzene chelate complex) were used as an oil phase and an extractant, respectively, throughout the study. The concentration of an aqueous Al-DHAB solution was set 0.6 mM (M = mol/dm 3 ). 2 
Results and Discussion
Shape effects on the solution flow characteristics in zigzag microchannels
When water and oil are introduced separately to a flat-sidewalled Y-structured channel chip with the same solution flow rate (u), both phases run parallel with each other and a flat oil/water interface can be observed under an optical microscope, as reported previously. 2 In the present microchannel chip, however, solution-flow characteristics were dependent on the shape of the channel side-wall: s-or us-zigzag channel. The results are summarized in Fig. 3 , where two phases were stained by blue (seen as dark, water phase) and red dyes (seen as clear, oil phase) for clarity. In the s-channel, the water/BuOH interface was flat as long as an observation was made under an optical microscope, while that in the us-channel was sinusoidal, as shown in Fig. 3 . In the entrance and exit regions of the channel chip just before and after the Y-junction, respectively, the channel side-walls were designed to be flat so that the water/oil interface was flat. In the exit region of the channel, furthermore, both phases were well separated, even under a solution flow rate of 1.23 cm/s.
In the us-channel, it is worth noting that analogous sinusoidal oil/water interfacial structures with those in Fig. 3a were observed irrespective of the flow rate studied (u = 0.62 -1.23 cm/s). On the other hand, a sinusoidal liquid/liquid interface was discernible in a deeper (y/x > 0.5, Fig. 4a ) or shallower unsymmetrical zigzag channel (y/x < 0.5, Fig. 4b ) as compared to the dimension of the fabricated channel (y/x = 0.5, Fig. 4c) . In order to explain such experimental observations, we conducted numerical simulations for the solution-flow characteristics in the channels based on a finite-element method (PdEase-2D, Macsyma Inc.) and a Navier-Stokes equation. 9 The results are shown in Fig. 4 as a vectorial solution-flow profile, which is shown by the length and direction of each arrow. In a deeper or shallower us-channel compared to the dimension shown in Fig. 2 or Fig. 4c , stable solution-flow was not attained, in which a relatively high or low y/x aspect ratio of the side-wall zigzag structure disturbs the formation of a sinusoidal water/oil interface. These results agree very well with those by our experimental observations. A deeper or shallower zigzag unsymmetrical channel (Fig. 4a or 4b , respectively) compared to the dimension shown in Fig. 2 does not appreciably influence the water/oil interfacial structure. Therefore, the channel sizes shown in Fig. 2 are the optimum values to produce a sinusoidal liquid/liquid interface in the microchannel at the studied solution-flow rate. Although further detailed simulations are needed to precisely elucidate the factors governing the channel-shape effects on the solution-flow characteristics, the channel shape and dimensions are shown to be very important for designing a chemical reaction in a channel chip.
Shape effects on liquid/liquid extraction efficiency in zigzag microchannels
The water-to-oil extraction of Al-DHAB in both s-and uschannels was studied based on spatially-resolved fluorescence spectroscopy. In water, Al-DHAB is almost non-fluorescent, while that in an oil exhibits strong fluorescence. Therefore, when Al-DHAB is extracted from water to the oil (i.e. BuOH) along the solution flow direction in the microchannel (X), we can follow the extraction processes of the Al-DHAB; the fluorescence intensity can be used as a measure of the extraction efficiency. 2 An aqueous Al-DHAB solution and water-saturated BuOH were introduced to the channel chip at u = 1.23 cm/s. The fluorescence from Al-DAHB (excited at 488 nm, spot size ∼1 µm) was monitored along X in the BuOH phase, separated by 30 µm from the water/BuOH interface. The fluorescence intensity shown by 1.0 in Fig. 5 corresponds to the equilibrium partition coefficient of Al-DHAB between the two phases (19.0), which was determined from a separate experiment. The fluorescence intensity of Al-DHAB increased with an increase in X, demonstrating that the water-to-BuOH extraction of Al-DHAB proceeded with the solution-flow in the channel. The fluorescence intensity at a given X was dependent on the flow rate (data are not shown here). Based on the X value at a given u, the contact time between water and BuOH in the microchannel (t) can be calculated: t(s)= X(cm)/u(cm/s). The data obtained at several u are summarized in Fig. 6 as a contact time dependence of the fluorescence intensity. As can be seen in the figure, all of the data fall on a single curve. The results clearly demonstrate that the extraction of Al-DHAB is governed by the contact time between the two phases in the microchannel.
The importance of the contact time between the two phases indicates that the mass transfer across the interface governs the extraction efficiency (P) in the microchannel. In practice, the fluorescence intensity observed at 50 µm separated from the interface was weaker than that at 30 µm (for a given t or X), as shown in Fig. 7 , proving that the interfacial mass transfer rate of Al-DHAB and the diffusion coefficient of the complex in each phase determined the extraction rate for both the s-and uszigzag channels. As one of the most important results from the present study, furthermore, a close inspection of the data in Fig.  7 suggests that P determined at a given t or X is higher by the us-channel compared with that by the s-channel. Namely, the extraction efficiency (i.e., fluorescence intensity) determined at 30 µm from the water/BuOH interface (closed circles) in the uschannel reaches almost unity at t ∼8 s, while that in the schannel levels off at ∼0.8 (t ∼8 s). Nonetheless, a direct comparison of the positional data obtained at 30 or 50 µm separated from the flat (s-channel, b) and sinusoidal interfaces (us-channel, a) is not necessarily guaranteed. In order to obtain clearer data, therefore, the oil phase was collected from the exit of the channel chip to determine the water-to-BuOH extraction efficiency of Al-DHAB.
Knowing the molar extinction coefficient of Al-DHAB in BuOH to be 12000 M -1 cm -1 at 485 nm, 10 P was determined to be 0.65 or 0.47 for the us-or schannel, respectively, demonstrating more efficient extraction of Al-DHAB in the unsymmetrical zigzag channel (u = 1.23 cm/s). It is worth noting that the contact time between the two phases is determined by the channel length and u, so that those in both the s-and us-channels are essentially the same, which cannot explain the difference in P between the two chips. Because the sinusoidal oil/water interfacial area is larger than the intefacial area produced by the s-channel (i.e., flat surface), this would be the primary origin of the difference in the P values between the two channel chips. Although the roles of the channel geometries concerning the chemical characteristics in a chip have been rarely discussed, the present results clearly demonstrated that the three-dimensional structures of a channel chip were a very important factor governing the chemistry in a microchannel chip.
Conclusion
An imprinting method for fabricating a polymer channel chip is very suitable for studying the shape effects on the solution flow characteristics and other performances in the microchannel, since the fabrication of various types of channel chips can be conducted very easily without any special facilities or techniques. In the present study, we demonstrated for the first time that the structure of the channel side-wall played important roles in determining the liquid/liquid extraction efficiency through the flow profile in the microchannel. Besides the structure of the side-wall, the size and overall structures of the channel (length, depth, shape, and so forth) would also govern the chemistry and physics in a microchannel. In order to develop various microchannel systems, basic research on the structural effects mentioned above is worth pursuing in detail.
